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Jets at the LHC 
•  Jet physics is entering a  

•  No matter what the LHC sees, we will need jets to figure out what it is:    
  Supersymmetry? Extra dimensions? Higgs boson? 

•  The LHC is studying jets with unprecedented precision 

• New ways to use jets are being invented every day 

• New theoretical tools are being developed to calculate jet 
properties 
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Figure 10: Comparison of theory to ATLAS data for the W spectra. The red band is the NLO
prediction, using µf = µr = mW , as in [cite atlas paper]. The N3LL + NLO prediction, in
green, is in excellent agreement with the data. Dahsed blue lines indicate PDF uncertainties
which are of order the scale uncertainties at N3LL + NLO order.
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Jet physics I’m interested in 
•  Jet substructure 
•  Color flow 
•  Quark vs gluon jets 

•  Gluon tagging 
•  Calibration 

•  Jet charge 
•  Q-jets 
•  Jet mass 
•  N-subjettiness 
•  Jet physics from static charges in AdS 
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Why study jets at the lhc? 
 New physics at the LHC is expected to be jet-heavy 

•  Even if new physics is first discovered with leptons, 
               need jets to tell us what it is! 
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Example: Supersymmetry 
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Interpreting jets 
We observe jets: 

+ 

We want to see quarks and gluons: 

Can we invert ?  

QCD 

Assumption: this  exists 

Reality: this  exists 

Jet-to-parton map  
•  Find jet momenta 
•  Set quark momenta  =  jet momenta 



What is wrong with the jet-to-parton map? 

It treats jets as 4-vectors 
 
•  Jets have color , and color connections 

•  Used by D0 (published) and ATLAS (Boost 2012, hopefully) 
 
•  Quark and gluon jets may be different 

•  New physics is quark heavy, backgrounds are gluon heavy 
•  Although difficult, quark and gluon discrimination could be 

extremely useful 

•  Jets have charge 

•  Jets from boosted objects have substructure 
•  E.g. top-tagging from boosted top jets – used by CMS! 
•  Boosted Higgs searches 
•  N-subjettiness 



JET CHARGE 



•  Could distinguish up-quark jets from down-quark jets 
•  Could help distinguish up squarks from down squarks 

 
 
 
 
 
 
 
 
 
 

•  W prime vs Z prime 
 

•  Many many uses for characterizing new physics (if seen) 

Jet charge 
Can the charge of a jet be measured? 
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How to measure 

Jet charge at hadron colliders
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Knowing the charge of the underlying parton initiating a light-quark jet in hadronic collisions could
be extremely useful both for testing aspects of the standard model and for characterizing possible
beyond-the-standard-model signals. We show that despite the complications of hadronization and
out-of-jet radiation, a weighted sum of the charges of the jet constituents can distinguish differently
charged jets to good accuracy. Potential applications include distinguishing leptophobic Z-prime
from W -prime resonances as well as standard model tests, such as jet charge in dijet events or
jet charge in hadronically-decaying W bosons in top-antitop events. We develop a systematically
improvable method to calculate moments of these charge distributions by coming multi-hadron
fragmentation functions with perturbative jet functions and perturbative evolution equations. We
show that the dependence on energy and jet size for the average and width of the jet charge can be
calculated despite the large experimental uncertainty on fragmentation functions. Conversely, jet
charge provides a way to measure moments of fragmentation functions more precisely.

The Large Hadron Collider (LHC), currently running
at CERN, provides an opportunity to explore properties
of the standard model in unprecedented detail, and to
search for new physics in previously unfathomable ways.
The extremely precise detectors at the atlas and cms

experiments can practically measure the energy and mo-
menta of every reasonably hard particle coming out of
each collision. In particular, they have excellent abil-
ity to see charged particles. One application of the
charged particle spectrum is in b-tagging: distinguish-
ing jets which originated from hard b-partons is critical
to many standard model and beyond the standard model
searches. In recent years, many additional ways to ex-
ploit the LHC detectors precision have been envisioned
and implemented, boosted jet tagging [1–3], new jet sub-
structure observables, jet grooming [4, 5], color-flow mea-
surements [6, 7], quark/gluon jet discrimination [8], etc.
(see [9] for a recent review). In this paper, we consider
the feasibility of measuring the charge of a jet.

The idea correlating some jet-based observable to the
charge of an underlying hard parton has a long his-
tory. In an effort to determine to what extent jets from
hadron collisions were similar to jets from leptonic col-
lisions, Field and Feynman [10] argued in 1977 that ag-
gregate jet properties such as jet charge could be mea-
sured and compared. Such properties were soon after
measured at Fermilab [11] and CERN [12] in charged-
current deep-inelastic scattering experiments, with clear
up- and down-quark jet discrimination, confirming as-
pects of the parton model. Another important historical
application was the light-quark forward backward asym-
metry in e+e− collisions, a precision electroweak observ-
able [13]. Despite its historical importance, there seem to
have been no attempts so far to see whether the charge
of light-quark jets can be measured at the LHC.

Most of the experimental studies of jet charge have
measured variants on the energy-weighted jet charge. We
define this observable for a jet of flavor i as

Qi
κ =

1

Ejet

∑

j∈jet

Qj(Ej)
κ (1)

where the sum is over particles in the jet, Qj is the in-
teger charge of the color-neutral object observed, and
κ is a free parameter. One can use transverse momen-
tum instead of energy with similar results. In the aleph
study [13], the projection of momentum on the thrust
axis was used and κ = 1.0 was found optimal for measur-
ing the forward-backward asymmetry. In some of the DIS
experiments [11] κ = 0.2 and 0.5 were used, as suggested
in [10].
In hadron-hadron collisions at high energy, such as at

the LHC, the particle multiplicities in the final state are
significantly larger than at low energy and at e+e- or
lepton-hadron colliders. Thus one naturally expects that
measuring the charge of a light quark jet at the LHC
should be extremely difficult, with the primordial quark
charge quickly getting washed out. In fact, it does seem
impossible on a jet-by-jet basis to tell whether jets origi-
nated from up or down quarks. However, as we will show,
the quark charge can in fact be extracted on a statisti-
cal basis. Moreover, the scale and jet-size dependence
of moments of the the jet charge can be calculated in
perturbative QCD.
Being able to measure jet charge would be tremen-

dously useful. First of all, it opens the door to a whole
new class of tests of the standard model test. For exam-
ple, the relative rates of uū or uu jets in a dijet sample
could be compared to QCD or the charge of hadronically
decaying W bosons from top quarks could be directly
measured. Secondly, jet charge would provide a unique

We consider the energy-weighted jet charge: 
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     David Krohn, Tongyan Lin  
                   and Wouter Waalewijn 

Z 0 ! ūu

•  Long history at e+e- colliders and deep-inelastic scattering 
•  Can it work at the LHC? 



Consistent among flavors 



Distinguishes W ’ from Z ‘ 
Log-likelihood distribution for 1 TeV resonance,  
              various κ	



2σ with 30 events 
5σ with 200 events  



Calibrate on standard model 
2D charges (parton level) 
 for different pT 

Fractions 
(parton level) 

Jet charge  
(hadron level) 



Test on top quarks 
Measure sum of jet charges from 
       W decay products 



Calculate in QCD 
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FIG. 5: Sum of the weighted jet charges for various κ of
the two non b-jets in semi-leptonic tt̄ events with a positively
(solid) or negatively (dashed) charged lepton. .

a sample can be found in the W bosons coming from top
decays. In fact, the charge of the W boson coming from
a top-decay has never directly been measured. The jets
coming from W decays can have one of four charges: ± 1

3
or ± 2

3 . In a semi-leptonic tt̄ sample, the leptonically de-
caying W can be used to determine which two charges
the jets from the hadronically decaying W should have.
One can then look at the 2D distribution of these charges
to compare to expectations. An example comparison is
shown in Figure 5. Validating this simulation on data
would establish weighted jet charge as a trustworthy tool
which could then be used for new physics applications,
such as W ′/Z ′ discrimination or flavor physics in super-
symmetry.

Having demonstrated the practicality of jet charge for
new physics searches, and having proposed ways in which
it could jet charge could be validated on standard model
data, we now turn to the feasibility of systematically im-
provable jet charge calculations. While simulations using
Monte-Carlo programs like pythia often provide an ex-
cellent approximation to full quantum chromodynamics,
they are only valid to leading-order in perturbation the-
ory including the resummation of leading Sudakov double
logarithms.

A precise calculation of the jet charge is challenging be-
cause it is not infrared safe for κ > 0, since a quark can
split to a collinear quark and gluon and strongly affect
Qi

κ. On the other hand, κ > 0 allows hard hadrons com-
ing from jet fragmentation to dominate over soft hadrons,
perhaps coming from elsewhere in the event (which ex-
plains why jet charge is useful!). Jet charge is there-
fore sensitive to hadronization and it cannot be calcu-
lated without knowledge of the fragmentation functions
Dh

j (x, µ). These functions give the average probability
that a hadron h will be included in the final state of a
process involving parton j with the hadron having a frac-
tion z of the parton’s energy. Fragmentation functions,

FIG. 6: Comparison of theory prediction for the average jet
charge (bands) to pythia. Fragmentation moments are “mea-
sured” with pythia at E = 100 and then evolved to other
energies and R values.

like parton-distribution functions, are non-perturbative
objects with perturbative evolution equations. Their evo-
lution equation simplifies in moment-space. The Mellin
moments are defined by

D̃h
q (ν, µ) =

∫ 1

0
dxxν−1Dh

q (x, µ) (2)

These moments evolve through a local renormaliza-
tion group equation, just like the moments of parton-
distribution functions correspond to the local evolution
equations for twist-two operators.
We first consider the average value of the weighted jet

charge

〈Qi
κ〉 =

1

σjet

∫
Qi

κdσ =

∫
dz zκ

∑

h

Qh
1

σjet

dσh∈jet

dz
(3)

where z = Eh/Ejet is the faction of the jet’s energy the

hadron carries. For narrow jets z ∼ phT /p
jet
T .

To connect to the fragmentation functions, we first ob-
serve that for κ > 0 the the charge is dominated by
collinear and not soft radiation. Thus the contributions
of the hard and soft sectors of phase space, while con-
tributing to the formation of the jet, should have a sup-
pressed effect on Qi

κ. We can therefore use the fragment-
ing jet functions introduced in [15] to write

1

σ

dσh∈jet

dz
=

1

16π3

∫ 1

z

dx

x

Jij(E,R, z
x , µ)

Ji(E,R, µ)
Dh

j (x, µ) (4)

with Ji(E,Rµ) a jet function and Jij(E,R, x, µ) a set of
calculable evolution coefficients which depend on the jet
definition and flavor i of the hard parton originating the
jet. The hard and soft contributions conveniently cancel
in this ratio. Therefore

〈Qi
κ〉 =

1

16π3

J̃ij(E,R,κ, µ)

Ji(E,R, µ)

∑

h

QhD̃
h
j (κ, µ) (5)

4

with J̃ij related to Jij by a Mellin-transform as in Eq.(2).
We have checked that the µ-dependence of the ratio
Jij/Ji exactly compensates for the µ dependance of the
fragmentation functions.

We have written both J (E,R, µ) and Jij(E,R, x, µ)
as if they depend on the energy and size R of the jet,
however, these functions are only valid to leading power
in a single scale corresponding to the transverse size of
the jet. For example, for cone algorithms, the natural
scale is µj = Eθ where θ is the cone size. To compare to
our simulations, which use anti-kT jets of size R, we take
θ = 2 tan(R/2) as in [16]. We can therefore calculate the
average jet charge by evaluating the Mellin-moments of
fragmentation functions at the scale µj multiplied by jet
functions evaluated to fixed order.

Since only one linear combination of fragmentation
functions appears in Eq.(5), the theoretical prediction
is not significantly limited by the large uncertainty on
Dh

j (κ, µ). One can simply measure Dh
j (κ, µ) by observ-

ing the average jet charge for each flavor at one value
for µ and then use the theoretical calculation to predict
it at other values. In the absence of data, we simulate
such a comparison using pythia. The result is shown in
Figure 6 for various values of κ and R. For simplicity,
we ignore the flavor mixing and simply normalize to one
reference point. Already we can see a clear agreement
between the theory and pythia.

We have shown the average jet charge for a given κ de-
pends on a a charge-weighted linear combination of the
κ-moment of fragmentation functions. To calculate other
properties of the jet charge distribution requires correla-
tions among hadrons. For example, we can consider the
width of the jet charge, Γi

κ = 〈Qi
κ〉

2 − 〈(Qi
κ)

2〉. This
depends on the moment

〈
(Qi

κ)
2
〉
=

∑

h1,...,hn

1

σjet

∫
dz1 · · · dzn (Q1z

κ
1 + · · ·+Qnz

κ
n)

2

×
dnσh1···hn∈jet

dz1 · · · dzn

After integrating over most of the zi and including a fac-
tor of 1

2 for identical hadrons, this simplifies to

〈
(Qi

κ)
2
〉
=

1

σjet

∫
dz z2κ

∑

h

Q2
h

1

σjet

dσh∈jet

dz
(6)

+
1

σjet

∫
dz1 dz2 z

κ
1 z

κ
2

∑

h1,h2

Qh1
Qh2

dσh1h2∈jet

dz1 dz2

The first term in this expression can be expressed in
terms of products of fragmentation functions and jet
functions evaluated at 2κ. The second term can be
expressed in terms of something we call a dihadron
fragmenting-jet function, Gh1h2

i . Its matching onto di-

FIG. 7: Comparison of theory prediction for the width of the
jet charge distribution (bands) to pythia (points) for various
κ and R.

hadron fragmentation functions is given by

Gh1h2

i (E,R, z1, z2, µ) (7)

=
∑

j

∫
du

u2
Jij(E,R, u, µ)Dh1h2

j

(z1
u
,
z2
u
, µ

)

+
∑

j,k

∫
du

u

dv

v
Jijk(E,R, u, v, µ)Dh1

j

(z1
u
, µ

)
Dh2

k

(z2
v
, µ

)
,

The second term is due to a perturbative parton splitting

before hadronization and vanishes at tree-level (J (0)
ijk =

0). At 1-loop order, we find

J (1)
ijk (E,R, u, v, µ) = J (1)

ij (E,R, u, µ)δ(1−u−v)δk,a(ij) ,

(8)

where δk,a(ij) indicates that the flavor k is completely
fixed by ij. Specifically, a(qq) = g, a(gq) = a(qg) = q̄,
etc.
Our result is then

〈
(Qi

κ)
2
〉
=

∑

j

J̃ij(E,R, 2κ, µ)

2(2π)3Ji(E,R, µ)

∑

h

Q2
hD̃

h
j (2κ, µ)+

∫
dz1 dz2 z

κ
1 z

κ
2

∑

h1,h2

Qh1
Qh2

Gh1h2

i (E,R, z1, z2, µ)

2(2π)3Ji(E,R, µ)
,

We have checked that this equation is RG invariant at
1-loop through direct calculation by showing that the
anomalous dimension of Gh1h2

i is the same as that of the
jet function Ji.
Unfortunately, the dihadron fragmentation functions

are even more poorly known then the regular fragmenta-
tion functions. However, we can use the same trick as for
the average jet charge to calculate the R and E depen-
dence of the width given measurements at some reference
scale. In moment space

〈
(Qi

κ)
2
〉
=

∑

j

J̃ij(E,R, 2κ, µ)[D̃Q2

j (2κ, µ) + D̃QQ
j (κ, µ)]

(9)
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We have checked that the µ-dependence of the ratio
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functions appears in Eq.(5), the theoretical prediction
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for µ and then use the theoretical calculation to predict
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hadron fragmentation functions is given by

Gh1h2

i (E,R, z1, z2, µ) (7)
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The second term is due to a perturbative parton splitting

before hadronization and vanishes at tree-level (J (0)
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0). At 1-loop order, we find

J (1)
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where δk,a(ij) indicates that the flavor k is completely
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etc.
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We have checked that this equation is RG invariant at
1-loop through direct calculation by showing that the
anomalous dimension of Gh1h2

i is the same as that of the
jet function Ji.
Unfortunately, the dihadron fragmentation functions

are even more poorly known then the regular fragmenta-
tion functions. However, we can use the same trick as for
the average jet charge to calculate the R and E depen-
dence of the width given measurements at some reference
scale. In moment space
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=
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Mean jet charge Width of jet charge 

Fragmenting jet 
functions 

Fragmentation 
functions 

Dihadron fragmentation 
functions 

•  Good agreement with Pythia  
•  Systematically improvable 



N-SUBJETTINESS 



N-subjettiness 
Jet Substructure and N-subjettiness

N-subjettiness

definition
TN ≡ min

n1,...,nN

∑

j∈J

min{pj · n1, . . . , pj · nN}.

Example

Zµ
−→ n1

−→ n2
=⇒ T2 % T1 =⇒ T2/T1 % 1

(
T2 ≈

m2
1

2E1

+
m2

2

2E2

)

−→ n =⇒ T2 ≈ T1 =⇒ T2/T1 ≈ 1

(
T1 ≈

m2

J

2EJ

)
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QCD jet 

Boosted W/Z jet 
(small τ2, large τ1) 

(all τn small) 

Jet Substructure and N-subjettiness

N-subjettiness
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Good discriminant 



Ratio τ2/τ1 

Jet Substructure and N-subjettiness

N-subjettiness

definition
TN ≡ min

n1,...,nN

∑

j∈J

min{pj · n1, . . . , pj · nN}.

how it’s used [Thaler, Van Tilburg]

TN " 1 =⇒ jet with ≤ N subjets

TN % 0 =⇒ jet with > N subjets

TN/N−1 ≡ TN/TN−1 good for
identifying boosted heavy objects
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Useful for distinguishing boosted W jets from QCD jets 

Jet Substructure and N-subjettiness
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Not as good as Qjets (see Tuhin’s talk) 

Work in progress with 
     David Krohn and Dilani Kahawala 

✏Sp
✏B

Qjets+n-subjettiness 

pruning 

Qjets 

n-subjettiness 



Already measured by ATLAS 
Jet Substructure and N-subjettiness

N-subjettiness

current status

(March 20, 2012)
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With more data,  
     could be a precision observable. 
 
Can we calculate n-subjettiness 
     more accurately then Pythia and Herwig 
     using QCD? 



Factorization formula 

Analytic Calculation of 2-Subjettiness

Can we calculate dσ
dT2/1

analytically?

Pythia said
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W jets
QCD jets

[Thaler, Van Tilburg]

factorisation theorem from N-jettiness [Stewart, Tackmann, Waalewijn]

1

σ0

dσ

dT2/1
= H

∫
d cos θ

2

∫
ds1ds2dk1dk2 S(k1, k2, {ni}, µ)

× J(s1, µ)J(s2, µ)δ
(
T2/1 −

k1 + k2
T1

−
s1E2 + s2E1

2E1E2T1

)
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Based on factorization for n-jettiness (Stewart, Tackmann, Waalewijn) 

Soft function 

Jet function 

Hard function 

Work done with  
     Iain Stewart, Jesse 
Thaler and Ilya Fiege 



Results 

Results I

Results I
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Compare to Pythia 

Results I

Results I
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Corrections 
Real events have 
•  initial state radiation (ISR) 
•  Final state radiation (FSR) from other jets 
•  Underlying event (UE) 
•  Jet algorithm and size dependence 

Power 
corrections? 



Cone and ISR/UE 

Results II

Results II

how well does τ2/1 work?
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Corrections 
Real events have 
•  initial state radiation (ISR) 
•  Final state radiation (FSR) from other jets 
•  Underlying event (UE) 
•  Jet algorithm and size dependence 

Key to corrections: 
•  At large boost, these shift τ1 and τ2 in the same way 
•  For W-jets, τ1 = mW  at parton level à we know Δτ	



Power 
corrections? 

Correcting for ISR/UE and Cone Effects

Corrections: ISR/UE

define a new observable

τ2/1 ≡
T2 − T1 + T̂1

T1 − T1 + T̂1
=

T2 −∆τ

T1 −∆τ
=⇒ (τ2/1)ISR/UE ∼ 1/Q

Ilya Feige (Harvard University) Precision Jet Substructure March 29, 2012 18 / 24

Slightly modified observable: 
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Correcting for ISR/UE and Cone Effects

Corrections: ISR/UE

define a new observable

τ2/1 ≡
T2 − T1 + T̂1

T1 − T1 + T̂1
=

T2 −∆τ

T1 −∆τ
=⇒ (τ2/1)ISR/UE ∼ 1/Q

can further subtract off average UE in T2 − T1

∆τ 〈nµ
1,2 − nµ〉θ = ∆τ

πmZ

2Q
=⇒ ∆τ → ∆τ ′ = ∆τ

(
1−

πmZ

2Q

)

Ilya Feige (Harvard University) Precision Jet Substructure March 29, 2012 18 / 24

Subract off average 



Cone and ISR/UE 

Results II

Results II

how well does τ2/1 work?
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QUARKS VS GLUONS 



Quark versus Gluon jets 
Subtle subject 

•  Monte Carlo event generators 
   may not be trustworthy 

 
•  Some data from LEP, but ATLAS and CMS can measure much better 

Two parts 
1.  Assuming Pythia is correct, how can we distinguish Q from G? 

2.  How can we validate on data? 
•  Where do we find pure samples of quark and gluon jets? 

Gallichio and MDS Phys.Rev.Lett. 107 (2011) 172001 

Gallichio and MDS JHEP 1110 (2011) 103 

Work done with  
     Jason Gallicchio 



How to compare variables? 
Jet Mass as an Example Observable

Normalizing by pT (200GeV in this sample) generalizes better.

All distributions normalized to equal area.
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•  Look at distributions of each variable, normalized to equal area 



How to compare variables? 
Evaluating the Observable: Sliding Cut
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•  Look at distributions of each variable, normalized to equal area 
•  Look at efficiencies as a function of sliding cut 
 



ROC Curve
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This generates the  “Receiver Operator Characteristic” (ROC) 

How to compare variables? 



Types of Variables

The menu, including varying jet size

Distinguishable particles/tracks/subjets
multiplicity, 〈pT 〉, σpT

, 〈kT 〉,
charge-weighted pT sum

Moments
mass, girth, jet broadening
angularities
optimal kernel
2D: pull, planar flow

Subjet properties
Multiplicity for different algorithms and Rsub

First subjet’s pT , 2nd’s pT , etc.
Ratios of subjet pT ’s.
kT splitting scale
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We looked at 10,000 variables 

Show http://jets.physics.harvard.edu/qvg 



Best Variables in Each Category for 200GeV Jets
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1/30 = 3%  
gluon  

40% quarks  



We looked at 10,000 variables 

Show http://jets.physics.harvard.edu/qvg 

 
Charged particle count 

•  Better spatial and energy resolution works better 
•  e.g. particles > topoclusters > calorimeter cells > subjets   

 
 
Linear radial moment (girth) 

•  Similar to jet broadening 

Best 2 were 

and 

1 

2 



Charged Particles Count
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Higher pT means more tracks and more ‘time’ to establish CA/CF .
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Higher pT 

Charged Particle Count 



Radial Moment – a measure of the “girth” of the jet

Weight pT deposits by distance from jet center

Radial Moment, or Girth : g =
1

pjetT

∑

i∈jet
piT |ri|
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Girth 



Combining Variables: Girth and Charged Count
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2D distributions show that they are fairly uncorrelated 
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1/30 = 3%  
gluon  

40% quarks  



Result 
Comparison to B-Tagging
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Conclusions 
“These are not your daddy’s jets”  -- Steve Ellis 

The LHC is so great that we can go well-beyond the jet-to-parton map 
•  Detectors can measure jet substructure 
•  Need to look at substructure to find new physics in huge backgrounds  

Beyond the jet-to-parton map 
•  Jet charge 

•  Measureable, calculable and useful 
•  N-subjettiness 

•  Measureable, calculable and useful as well 
•  Quark jets and gluon jets distinguishable: 40% Q vs 3% G 

•  Charge particle count and linear radial moment work best 
•  Calculable (beyond Pythia)? 

•  ??? 

A lot of new data is coming soon (by Boost 2012 hopefully) 


